Objective To describe the MR appearance of a series of throwing-related injuries to the subscapularis muscle-tendon complex among baseball players. Materials and methods A retrospective review of MR scans of the shoulder in players from 1 professional baseball organization over the course of 5 years was performed to identify cases with findings suggestive of subscapularis injury. These findings were graded and the medical record was reviewed to assess clinical findings, treatment, and follow-up. Preinjury baseline measurements of arm external rotation at 90°of abduction were compared to measurements from a noninjured cohort to evaluate whether this measure is a risk factor for injury. Results A total of 133 MR scans of the shoulder were evaluated. Eleven of the scans demonstrated signal changes suggesting subscapularis injury; 10 of these 11 patients had clinical findings supporting a diagnosis of throwing-related subscapularis strain. There were four grade 1, four grade 2, and two grade 3 injuries. All injuries occurred in the inferior half of the subscapularis at the myotendinous junction. Risk of subscapularis injury increased with lower levels of dominant arm external rotation (odds ratio, 1.12; 95 % CI, 1.07-1.21; p<0.001). A threshold of dominant arm external rotation of <106°demonstrated sensitivity of 0.700 (95 % CI, 0.392-0.897) and specificity of 0.951 (95 % CI, 0.888-0.982) for subscapularis injury. Conclusion Throwing-related subscapularis injuries occur in the inferior half of the muscle at the myotendinous junction. Our data suggest that there is an increased risk of these injuries with lower levels of dominant arm external rotation.
Introduction
Injuries to the shoulder are a common cause of missed playing time in professional baseball athletes [1] . These injuries most commonly involve the labrum and the undersurface of the rotator cuff (partial thickness tears of the supraspinatus and infraspinatus tendons). Additionally, anterior and posterior capsular changes can occur by adaptive remodeling that allows throwing athletes to increase their throwing arc in the late cocking phase of throwing [2] .
The subscapularis muscle is the largest and most powerful muscle of the rotator cuff [3] , with the greatest forceproducing capability of the rotator cuff muscles [4] . The subscapularis muscle is believed to play an important role in anterior glenohumeral joint stability [4, 5] . In younger patients, subscapularis tendon tears are often caused by traumatic injury, with mechanisms of injury such as forced external rotation [6] or hyperextension and external rotation [7, 8] . Throwing-related injuries to the subscapularis muscle have not been previously described in the literature. The purpose of this study is to describe the MR appearance of a series of throwing-related inferior subscapularis injuries in professional baseball players. We also propose possible mechanisms of injury.
Materials and methods
This study was approved by the Institutional Review Board of our organization. The requirement for informed consent for this study was waived by the ethics committee due to the retrospective nature of this study. A retrospective search for all shoulder MR scans performed at our institution from January 1, 2008 to March 1, 2013 for players in a single professional baseball organization identified 133 cases. These images were initially screened by one musculoskeletal radiologist (10 years' experience) to evaluate for changes related to subscapularis muscle injuries. Eleven cases of subscapularis muscle signal abnormalities were identified. Demographic data, including age, arm dominance, and level of play at the time of injury, were collected for these cases.
Available preinjury physical examination data obtained at spring training were reviewed, and information was gathered regarding measurements of external rotation of the dominant and nondominant arm in 90°of abduction (Fig. 1) . We also obtained arc of motion measurements from the beginning of spring training for 102 healthy professional baseball players; this cohort was used for comparison. Glenohumeral external rotation and internal rotation data were collected for all players from baseline spring training measurements taken before injury; these data are routinely gathered at spring training by the team's sports medicine staff through physical examination, with the player in the supine position and with the arm at 90°of abduction and in the plane of the scapula using a goniometer with a bubble level attached while the scapula is OF outfielder; P pitcher stabilized. All measurements were performed by the same two physical therapists (10 and 15 years' experience). For patients with subscapularis injuries, the available medical record was reviewed to determine the presenting symptoms and signs of the injury, physical examination findings, diagnosis, treatment, and number of days of baseball activities missed. MR scans were reviewed by two musculoskeletal radiologists (10 and 11 years' experience) in consensus; the readers were blinded to the clinical grading of injuries. The subscapularis muscle injuries were graded on a modified Peetrons classification 3-point scale-1, low grade (feathery muscle edema without visible fiber disruption); 2, moderate grade (area of muscle edema containing a small area of visible fiber disruption); 3, high grade (area of muscle edema containing a large area of visible fiber disruption)-and locations of signal changes within the muscle were determined [9] .
Statistical analysis
The Kaplan-Meier estimator was used to estimate the probability of an injured athlete remaining out of play over time. Of the 10 injured players included in this analysis, 1 did not return to play. For this player, the time until his last follow-up was included as a censored observation. The log-rank test for trend was used to assess differences among players with different MR tear grades.
Logistic regression was used to assess the relationship between dominant arm external rotation at 90°of abduction (D ER 90) and the risk of subscapularis injury, with the presence or absence of subscapularis injury used as the dependent variable. A receiver operating characteristic (ROC) curve assessed the accuracy of using D ER 90 measurements to predict subscapularis injury and to estimate an optimal decision threshold. The decision threshold selected was the operating point on the empirical ROC curve that was both closest to the point (0, 1) and furthest from the chance diagonal.
Results
Although final clinical diagnoses were available in the medical records for all players, documentation of specific physical examination findings was incomplete. Ten of 11 players with signal abnormalities in the subscapularis muscle had been given the clinical diagnosis of throwing-related subscapularis injury (Table 1) . Of these 10 players, 2 presented with pain and/or bruising in the axilla, whereas 8 of the 10 presented with pain and/or weakness with the belly press test. Specific signs and symptoms were not available from the medical records for 2 of the 10 players that had been given a clinical diagnosis of throwing-related subscapularis injury. One player presented with symptoms and signs of supraspinatus impingement and was found to have a high-grade partial thickness supraspinatus tendon tear requiring surgery after failed rehabilitation. His subscapularis muscle signal changes were therefore felt to be an incidental finding, and this player was excluded from further analysis. The average age of the remaining players was 25.1 years (range, 20-37 years). There were three lefthanded players and seven right-handed players. Seven of the players were pitchers, and three were outfielders. Organizational level varied among the players, including two in the rookie league, two in A, two in AA, three in AAA, and one in the Major Leagues (AAA and AA leagues usually include more experienced players, whereas A and rookie-level leagues usually include younger, less experienced players) [10] .
MR grading of the subscapularis muscle strains demonstrated four grade 1 injuries, four grade 2 injuries, and two grade 3 injuries (Fig. 2) . All injuries occurred in the inferior half of the subscapularis at the myotendinous junction (Fig. 3) . One player did not return to play after injury (grade 2 injury); in the remaining patients, the mean number of days missed because of injury was 27 (range, 11-61 days; Table 2 ). Figure 4 displays the Kaplan-Meier estimate of the probability of remaining out of play over time for players with various tear grades. This analysis suggested that players with grade 1 tears may return to play more quickly than players with grade 2 or 3 tears, although this difference did not reach statistical significance (p=0.240). All 4 players with grade 1 tears returned to play within 1 month of their injury. Of the six players with grade 2 or 3 tears, three returned within 1 month, two returned within 2 months, and one had still not returned after 2 months. Table 3 decreased, the chance of subscapularis injury increased (odds ratio, 1.12; 95 % CI, 1.07-1.21; p<0.001). Table 3 shows the proportion of players with subscapularis injuries for various levels of D ER 90, and Fig. 5 displays the fitted logistic regression curve. As D ER 90 decreased, the chance of subscapularis injury increased (odds ratio, 1.12; 95 % CI, 1.07-1.21; p<0.001). Figure 6 displays the empirical ROC curve for D ER 90. The estimated area under the curve was 0.847 (95 % CI, 0.666-1.000), suggesting that D ER 90 can be used to correctly distinguish between a player who will develop a subscapularis injury and one who will not approximately 85 % of the time. The decision threshold that maximized the correct classification of injured and noninjured players was D ER 90<106. At this threshold, sensitivity was 0.700 (7/10; 95 % CI, 0.392-0.897) and specificity was 0.951 (97/102; 95 % CI, 0.888-0.982).
Discussion
In this study, we have described the MR appearance of a series of throwing-related subscapularis muscle injuries in professional baseball players. To our knowledge, there are no previous reports of this injury in the literature. One case report described a traumatic baseball-related subscapularis injury from forceful abduction caused by the player's collision with a wall during a game [8] . In our study, all of the injuries were throwing related and occurred in the inferior half of the subscapularis muscle. Our results suggest that there is an increased risk of these injuries with lower levels of dominant arm external rotation. Although there was a trend suggesting that lower grades of muscle injury were related to earlier return to play, the finding did not reach statistical significance.
The anatomy and physiology of the subscapularis muscle and the kinematics of pitching make the inferior subscapularis muscle susceptible to injury. The subscapularis muscle fibers are oriented along a fan shape because of the relatively narrow insertion on the lesser tuberosity and proximal humerus and broader origin on the scapula [11] . These fiber orientations define different lines of muscle action, and these lines of action are dependent on arm position [11] . With the arm at rest at the side of the body (0°of abduction), the superior fibers are more transversely oriented, and the inferior fibers are obliquely oriented. However, with the arm at 90°of abduction (the arm position for throwing), the inferior fibers of the subscapularis come to be aligned in the transverse plane across the anterior aspect of the glenohumeral joint. In this position, the subscapularis muscle has a posteriorly directed line of action, and the middle and inferior subscapularis can serve as a stabilizer of the glenohumeral joint [11] . In the late cocking and early acceleration phases of pitching, there is further stretching of the subscapularis muscle due to external rotation and cross-body abduction (extension of the arm posteriorly when the arm is in 90°of abduction from the side of the body) [12] . Increased activation of the inferior subscapularis muscle is also seen when the arm is in 90°of abduction [13] . Mild activity-related signal changes in the subscapularis muscle after pitching have been shown on MR imaging in previous studies [14] , indicating that this muscle is active during pitching.
Muscles are most susceptible to strain injury when they are at their greatest length/stretch and during eccentric contraction [15] . These are exactly the circumstances that exist in the inferior subscapularis during the late cocking and early acceleration phases of pitching. External rotation and cross-body abduction achieved in late cocking result in greater stretch of the subscapularis over the anterior aspect of the glenohumeral joint (Fig. 7) . Other factors can influence the force of contraction of the subscapularis and pose a risk for muscle strain. One such factor is related to the degree of external rotation achieved in late cocking, as the throwing arc is largely determined by this feature. A shorter arc length results in a shorter distance to accelerate the ball to peak throwing velocity. Thus, a player with a shorter arc of motion would need greater angular acceleration than a player with a longer arc of throwing. This greater stress may lead to strain. In this series of subscapularis strains, the average measured external rotation was less than that of healthy players. Other potential factors that could lead to increased dependence on the force of the subscapularis for power generation, such as shorter limb length, lighter weight, and poor pitching mechanics, were not measured in this study.
Based on the mechanisms described in the preceding, external rotation would appear to have potentially opposing effects on risk in this series. On the one hand, a larger degree of external rotation could be related to greater degree of subscapularis muscle stretch and therefore would be expected to be a risk factor for injury. On the other hand, a smaller degree of external rotation requires greater force production by the subscapularis muscle to achieve the same peak velocity. Our findings that subscapularis injuries are related to lower degrees of external rotation suggest that either force production plays a more important role in injury than muscle stretch or that external rotation is dependent on factors other than muscle stretch alone such as humeral torsion [16] . Players with lower degrees of humeral torsion must stretch the anterior structures of the shoulder to a greater degree than players with higher levels of humeral torsion to achieve the same arm position in late cocking [17] . Therefore, players with higher degrees of humeral torsion can achieve higher levels of external rotation without necessarily increased stretching of the subscapularis muscle (Fig. 8) . Unfortunately, we do not have data regarding players' humeral torsion or cross abduction to correlate with injury patterns in this study. One other consideration is that injury risk may be related to the balance of the strength of the subscapularis muscle as an internal rotator of the humerus and the external rotators. In current training for baseball, there is much greater emphasis on strengthening of the external rotators. This could play a role in the risk of subscapularis injury. However, we did not have data on internal and external rotator muscle strength to assess the role of this factor. All of the players in the study were treated conservatively, and all were eventually able to return to full participation in baseball. This study had a number of limitations, including its small size and retrospective nature, limiting our ability to make any strong claims about the relationship between MR grading and return to play and between humeral rotation and injury incidence. Documentation of history and physical examination findings that led to the diagnosis of subscapularis strain was also limited. Additionally, we lacked data on a number of potentially contributing factors such as humeral torsion, limb length, and pitching load; these factors should be characterized in future studies.
In conclusion, we have described a series of throwingrelated subscapularis muscle strains that characteristically affected the inferior half of the subscapularis muscle on MR imaging. Although our data suggest an increased risk of these injuries in players with lower degrees of dominant arm external rotation in 90°of abduction, further studies are necessary to more definitively evaluate this potential relationship and to account for other potentially related factors.
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Ethics approval All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. Fig. 8 Effect of humeral torsion on subscapularis stretching. View of the shoulder and arm from above. Top image: A humerus with a high degree of humeral torsion allows the arm to reach the late cocking phase of throwing with relatively little rotation of the humeral head and tuberosities and therefore little stretching of the subscapularis muscle (thick white arrow). Bottom image: A humerus with a low degree of torsion requires greater rotation of the proximal humerus to achieve the same arm position and therefore greater stretching of the subscapularis muscle (thin white arrow) Fig. 7 Stretching of the subscapularis myotendinous junction in pitching. Anterior (left image) and anterolateral (right image) views of the subscapularis muscle and tendon with the arm in the late cocking phase of throwing demonstrate stretching of the myotendinous junction over the humeral head (arrows)
